The results of the first experiments on the underwater electrical explosion of a spherical wire array generating a converging strong shock wave are reported. Using a moderate pulse power generator with a stored energy of 6 kJ and discharge current of 500 kA with a rise-time of $300 ns, explosions of Cu and Al wire arrays of different diameters and with a different number and diameter of wires were tested. Electrical, optical, and destruction diagnostics were used to determine the energy deposited into the array, the time-of-flight of the shock wave to the origin of the implosion, and the parameters of water at that location. The experimental and numerical simulation results indicate that the convergence of the shock wave leads to the formation of an extreme state of water in the vicinity of the implosion origin that is characterized by pressure, temperature, and compression factors of (2 6 0.2) Â 10 12 Pa, 8 6 0.5 eV, and 7 6 0.5, respectively. 4 Different approaches, namely, chemical explosions, pulsed powerful lasers, light multistage gas guns, z-pinches, and magneto-explosive generators allow one to achieve a pressure !10 11 Pa. For instance, a two-stage light-gas gun, powerful laser beams, a pulsed power Z-generator at Sandia, and laser-or magnetically driven shock waves were used to study electrical conductivity 5, 6 and phase transitions 7 of either water or deuterium 8 at extreme conditions, the physics of radiative shock waves in gas, 9 and the convergence of strong shock waves (SSW) in water. 10 These experiments revealed that at extreme conditions, water transforms to solid ice and becomes a rather good conductor. In addition, new data concerning EOS for water and deuterium liquid were obtained. This experimental research was carried out using large facilities with stored energy of !100 kJ. Recently, it was shown that using a moderate pulse power generator with stored energy of only a few kJ, the underwater electrical explosion of a cylindrical wire array results in the generation of converging SSW.
The generation of extreme states of matter is attracting continuous interest among researchers in the fields of high energy density physics 1 and warm dense matter related to the physics of giant planets, 2 the equation of states (EOS), the conductivity of matter in extreme conditions, 3 and the hydrodynamics of fuel pellets for inertial confinement fusion. 4 Different approaches, namely, chemical explosions, pulsed powerful lasers, light multistage gas guns, z-pinches, and magneto-explosive generators allow one to achieve a pressure !10 11 Pa. For instance, a two-stage light-gas gun, powerful laser beams, a pulsed power Z-generator at Sandia, and laser-or magnetically driven shock waves were used to study electrical conductivity 5, 6 and phase transitions 7 of either water or deuterium 8 at extreme conditions, the physics of radiative shock waves in gas, 9 and the convergence of strong shock waves (SSW) in water. 10 These experiments revealed that at extreme conditions, water transforms to solid ice and becomes a rather good conductor. In addition, new data concerning EOS for water and deuterium liquid were obtained. This experimental research was carried out using large facilities with stored energy of !100 kJ. Recently, it was shown that using a moderate pulse power generator with stored energy of only a few kJ, the underwater electrical explosion of a cylindrical wire array results in the generation of converging SSW.
11 Hydrodynamic (HD) simulations coupled with the experimental data and EOS for water showed that this SSW generates extremely large pressure, 6 Â 10 11 Pa, in the vicinity of the implosion axis. In this letter, we present the results of the first experiments on underwater electrical explosion of a spherical wire array. The underwater electrical explosion of wires causes individual SSWs to be generated whose overlapping leads to the formation of a converging SSW. 11 Such an SSW can produce a larger pressure in the vicinity of the origin of the implosion than does a cylindrical SSW. Self-similarity analysis 12 reveals that the pressure, p s , at the front of the spherical SSW at a location with radius r c is p s / ðr
where p cyl is the pressure at the front of the cylindrical SSW that reaches r c , and r 0 is the "initial" self-similar SSW radius. Thus, when an identical energy is deposited into the water flow and for the same value of r 0 , for instance r 0 ¼ 10 4 lm, one obtains an enhancement of the pressure by $100 in the case of a spherical SSW converged to r c ¼ 10 lm.
The experiments were carried out using a pulsed generator 11 with stored energy of $6 kJ at an 80 kV charging voltage, delivering a current of $500 kA with a rise-time of $300 ns to the spherical wire array. In the experiments, wire arrays 20 mm, 30 mm, and 40 mm in diameter were tested, with the number of either Cu or Al wires being in the range 20-40 and wire diameters in the range 114-160 lm. To prepare the wire array, a ball made of organic material with a polar hole was used. Two electrodes, each 10 mm in diameter, having central holes, were placed at the poles of the ball and fixed by a central rod. The wires were stretched between the electrodes uniformly. The array was then fixed by dielectric posts and the rod was removed. This array was placed in a cavity filled with acetone that dissolved the ball, leaving a spherical form of wires. Next, the array was placed between the generator's high-voltage (HV) and grounded electrodes, which were immersed in de-ionized water (total volume of $0.4 l) (Fig. 1) .
The current, I(t), and resistive voltage, u r (t), measured by a calibrated D-dot and two B-dot probes, respectively, 11 were used to calculate the energy deposition into the exploding wires (see Fig. 2 ). The explosion is characterized by an aperiodic discharge with I % 510 kA and wire array resistance of $0.15 X at the time of maximum value of u r . The maximal delivered power is $30 GW, and $87% of the stored energy is absorbed by the exploding wire array during $700 ns of the discharge. the decrease in the load inductance. However, in this case, ringing of the current was obtained, which results in a $30% decrease in the deposited energy.
The time-of-flight (TOF) of the converging SSW was determined by the beginning of water light emission in the vicinity of the sphere origin. This light emission was sampled along the viewing chord through the 1 mm in diameter and 15 mm in length collimator in the grounded electrode using two R7400U-04 photo-multiplier tubes (PMT), with an interference (65 nm) filter (either 410 nm or 656 nm), beam splitter, and lenses. For the 30 mm-diameter array, this setup allows one to obtain the light emission from a water volume having a diameter $1.2 mm, whose origin is in the center of the sphere. PMT data were also used to estimate water temperature assuming black body (BB) radiation. The sensitivity of the PMTs was determined using an Oriel QTH 200 lamp. The TOF of the converging SSW was also obtained using 1 mm-diameter optical fiber covered by a non-transparent shrink tube. The fiber was placed either through the holes in the electrodes or through the space between the wires along the equatorial diameter of the sphere. The fiber outputs were attached to the interference filters. When the SSW approached the center of implosion, a strong light emission was obtained by both PMTs. A radial displacement of the fiber on $0.5 mm of the axis led to either a drastic decrease in or even the disappearance of the light intensity. In addition, graphite rods with diameters in the range 0.5-2 mm and Al (0.5 mm in diameter) and Cu (0.6 mm and 0.13 mm in diameter) wires inside shrink tubes were placed along equatorial diameter in order to obtain the pattern in which the maximal energy density deposition is realized.
The waveforms of the water and fiber light emission for the explosions of the 30 mm-diameter Cu wire array are shown in Fig. 3 . Similar results were obtained in explosions of 20 mm-and 40 mm-diameter Cu wire arrays. The time delay of the appearance of the light emission of the water or fiber with respect to the beginning of the current was correlated only with the diameter of the array. The reproducibility (2-5 explosions for each array diameter) of the time delay for Cu wire array diameters of 20 mm, 30 mm, and 40 mm was 3 6 0.1 ls, 6 6 0.2 ls, and 8 6 0.2 ls, respectively. In the 30 mm-diameter Al wire array explosions, the time delay was $200 ns shorter than in explosions of a Cu wire array with the same diameter. These time delays for different array diameters were almost the same (time jitter 650 ns) whether the fiber was placed through the polar electrodes or along the equatorial diameter. The only difference that occurred was that when the fiber was placed through the polar electrodes, it was destroyed completely, whereas only the central part ( 1.5 mm in length) of the equatorially placed fiber was completely destroyed (see Fig. 4 ). The complete destruction of the polar-placed fiber is explained by its partial evaporation leading to an electrical discharge between the HV and grounded electrodes induced by the current ($10 kA) continuing to flow after the main discharge. A similar The duration of the water and fiber light emission was 550 6 250 ns and 300 6 50 ns, respectively, which is $10 times larger than in experiments with cylindrical wire array explosions. 11 These data indicate a larger energy deposition into the water at the origin of the implosion. In some explosions, two peaks in radiation were obtained [see Fig. 3(b) ], which can be related to the non-uniform SSW implosion.
The main obstacle in this experimental research is the complexity of measuring the water and SSW parameters. Nevertheless, the scaling of the time delay of the appearance of the water or fiber light emission versus the wire array diameter (see Fig. 3(a) ) indicates that the explosion of the wire array leads to the generation of converging SSW. The equality of the time delays in the light's appearance from the polar and equatorially placed fibers indicates spherical uniformity of the SSW along the main part of its convergence. Further, the obtained strong light emission from the water and fiber and the central damage of the equatorially placed fiber, graphite rods, and Al and Cu wires indicate that a high temperature and large pressure are generated in the vicinity of the implosion.
Thus, assuming spherical symmetry of the converging SSW, 1D HD simulations 11, 12 coupled to the SESAME EOS for water, Cu, and Al were performed. The simulated volume was divided into the inner water layer inside the array, the exploding metallic layer, and the water layer outside the array. The SSW velocity was governed by the expansion of a metallic layer having the same mass (M w ) as the Cu wires. The deposition of the energy into the layer mass element dm was calculated as dx=dt ¼ au r IM
À1
w dm, where a < 0.5 is the only fitting coefficient, which was used to obtain the best fit between the simulated and the experimental SSW TOF data. Different time and space steps and values of artificial viscosity were checked to obtain the width of the SSW front of $3 lm in the vicinity of the implosion origin, i.e., at the instant when the SSW reaches r ¼ 0, the maximum pressure at the SSW was at r ¼ 3 lm. The simulation results showed that the efficiency of the transfer of the energy deposited into the metallic layer to the energy of the converging water flow is 12%, which agrees with the experimental results presented in Ref. 13 . In addition, it was shown that experimental errors in the TOF of the SSW of 6150 ns and deposited energy of 65% result in variations of 625%, 613%, and 68% in the simulated water pressure, temperature, and compression ratio, respectively, in the vicinity of the origin. The examples of the results of these simulations (see Table I ) showed that one can expect to obtain an extreme state of water in the vicinity of the origin of the implosion, especially immediately after the SSW is reflected from the origin of the implosion. In addition, simulation showed that the maximal pressure is realized in explosions of 20 mm-diameter Cu wire arrays, in spite of the smaller deposited energy than in explosions of 30 mm-diameter Cu wire arrays. In addition, a larger pressure is realized for the Al than for the Cu wire array explosion (for the same wire arrays diameter). This is explained by the additional energy deposited into the water flow due to Al wire combustion.
14 The simulations also showed that in the case of explosion of the 20 mm-diameter Cu wire array, the state of water P ¼ 10 12 Pa, T ¼ 5 eV, and d ¼ 5 could be realized in the volume with r ¼ 13 lm with a time duration of 17 ns.
However, these simulation results were obtained assuming SSW spherical uniformity, which could lead to the water parameters in the case of the SSW non-uniformity being significantly overestimated, especially at the final stage of implosion. Nevertheless, let us note that the simulations showed that a converging SSW, generated by the explosion of the cylindrical wire array with r ¼ 15 mm and with the same energy deposition as in the spherical case, gives a SSW TOF almost two times larger than experimental TOF data. This indicates that in the case of the spherical wire array explosion, the SSW keeps its uniformity along the main part of its convergence.
In fact, in spite of the prolonged research of converging either cylindrical or spherical SSW stability, there is no complete answer about the range of applicability and, respectively, the correctness of solutions for the limit of cumulations of cylindrical and spherical SSWs. 17, 18 For instance, in a review by Sokolov 19 on this subject where different models of azimuthal instabilities are considered including models showing that in the case of the water, the converging shock wave is stable even in linear approximation and small perturbation can no limit cumulations. Therefore, for each experiment, this limit should be determined independently; we estimated water parameters in the vicinity of the origin based on the light emission from the water and the damaged central parts of fiber and Al and Cu wires placed along equatorial diameter.
First, let us estimate the temperature of water using data obtained by the PMTs with interference filters and assuming BB radiation gives a value 0.45 eV, which is significantly smaller than that of the simulation results. This apparent contradiction can be explained by the opaque effect of the surrounding "cold" plasma shell, similar to that analyzed in the research of light emission radiated by the exploding wire 15, 16 or by the water compressed by cylindrically converging SSW. 11 Nevertheless, assuming that a temperature of 0.45 eV is reached at the front of the SSW prior to the implosion and using the SES-AME database, one obtains a pressure $10 11 Pa. Even assuming two plane SSWs, immediately after the reflections from the origin, the pressure should increase to $6 Â 10 11 Pa: Now let us analyze the duration of the water light emission, which was 550 6 250 ns. Using the data of the explosion of the 30 mm-diameter Cu wire array, namely, the PMT's waveform u PMT ðtÞ, amplification k ¼ 10 ) from the surface of the water sphere with variable radius rðtÞ and T % 5000 K should be equal to the value Y c ' ð663Þ Â10
8 . Applying artificially decreased values of energy deposited into the wires, we used 1D HD simulations of spherically symmetrical SSW in order to obtain the parameters of water flow that would form a water sphere with a surface having T ¼ 5000 K with a duration in the range 300-800 ns. Here, the decreased values of the deposited energy gives a much less intense SSW used to "model" the possible non-symmetry of the converging SSW, which should result in lower water parameter values at the origin of the convergence. The results of these simulations showed that only in the case when the deposited energy was decreased to 10% 6 2% of the measured deposited energy does one obtain the required flux of photons, i.e., Y cBB % 3 Â 10 8 for duration of 300 ns and Y cBB % 9 Â10 Now let us analyze parameters of the SSW, which could explain the destruction of the central part of optical fiber, graphite rods, and Al wire. The length of the damaged part in the case of fiber (r ¼ 0.5 mm) and Al wire (r ¼ 0.25 mm) was L $ 1 mm. In the case of graphite rods, it was difficult to estimate the length of the damaged part because the remaining part of the rod also was shattered into small pieces inside the shrink tube. The energy that is required for complete evaporation of the central part of the fiber and Al wire can be estimated as $4.2 J and $4.9 J, respectively. Let us consider the case of Al wire, which requires a larger energy deposited by the SSW that experience reflection from the wire surface. Using the results of simulations, which give P % 2 Â 10 10 Pa at r ¼ 0.25 mm, one obtains a pressure at the Al surface of P Al ¼ 4:2 Â 10 10 Pa; d ¼ 2:1 behind the SSW front, velocity of the water-Al wire boundary U Al % 2:2 Â 10 3 m=s, and velocity of the SSW front in aluminum D Al % 8 Â 10 3 m=s. The energy flux through the surface S ¼ 2prL is W ¼ P Al U Al S, and the duration of the energy transfer to the Al wire can be estimated as T % r Al =D Al . Thus, the energy which is transferred to the Al wire is DE % P Al U Al ST % 6:4J: Similar estimates showed that in the case of the fiber, the energy delivered by the SSW is also sufficient for its destruction. In the case of the 0.6 mm-diameter Cu wire, the energy delivered by the SSW (3.7 J) is not sufficient for it evaporation (13.8 J) because of the larger reflection coefficient of the SSW and density of the wire. Indeed, the 0.6 mm-diameter Cu wire was not destroyed in the experiment. , P 1 , T 1 , M, and d 1 are the pressure, temperature, Mach number, and compression ratio at the front of the SSW (r ¼ 3 lm) that reaches the origin of implosion, respectively; P 2 , T 2 , and d 2 are the maximum pressure, temperature, and compression ratio that result from the SSW's reflection (r ¼ 3 lm). To conclude, the results of the sub-microsecond underwater electrical explosion of a spherical wire array produced by a generator with a stored energy 6 kJ showed that this approach can be used to generate an extreme state of water characterized by a pressure, temperature, and compression of the water in the vicinity of the origin of the implosion of (2 6 0.2) Â 10 12 Pa, 8 6 0.5 eV, and 7 6 0.5, respectively.
